Precisely timed behaviors are central to the survival of almost all organisms. Song is an example of a learned behavior under exquisite temporal control. Song tempo in zebra finches (Taeniopygia guttata) is systematically modified depending on social context. When male zebra finches sing to females (directed) it is produced with a faster motor pattern compared to when they sing in isolation (undirected). We measured heart rate and air sac pressure during directed and undirected singing to quantify motivation levels and respiratory timing. Heart rate was significantly higher when male birds sang to females, and was negatively correlated with song duration. The change in song tempo between directed and undirected song was accounted for by varying the duration of vocal expiratory events, whereas the duration of silent inspirations was unchanged. Song duration increased with repeated singing during directed song bouts, which was caused by a uniform increase in the duration of both expirations and inspirations. These results illustrate the importance of motivational state in regulating song tempo and demonstrate that multiple timing oscillators are necessary to control the rhythm of song. At least two different neural oscillators are required to control context-dependent changes in song tempo. One oscillator controlling expiratory duration varies as function of social context and another controlling inspiratory duration is fixed. In contrast, the song tempo change affecting expiratory and inspiratory duration within a directed bout of song could be achieved by slowing the output of a single oscillator.
Data Analysis
Heart rate. Each heart beat was identified by the peak of the voltage change recorded on the electrodes. Heart rate (beats · s -1 ) was quantified during a 1 s period prior to the onset of introductory notes (pre-song heart rate), and during the first motif of the song bout (song heart rate). Heart rate during the subsequent motifs was not analyzed because motivational state might be confounded with respiratory demands of singing for an extended period of time (Franz and Goller 2003) .
Quantification of all EPs and IPs during song bouts. Air sac pressure provides a distinctive signature for each syllable in the bird's motif; accordingly, we used air sac pressure to identify both bouts of song and the motifs within a song (Fig. 1) . Each EP was defined as a continuous period of supra-atmospheric pressure. IPs were defined as a continuous period of subatmospheric pressurization. The IP preceeding the first syllable of the song was omitted from analysis because it frequently was not as deep or as structured as the IPs occurring during song. Similarly, the last IP of the bout was omitted because this inspiration is highly variable, ranging from a typical minibreath, to quiet respiratory inspiration, or a period of apnea (Franz and Goller 2003) . Thus, in all analyses there are fewer IPs than EPs. The DC level of the voltage output of the transducer was shifted such that ambient pressure corresponded to 0 volts. In the data output and graphical display, all EPs are represented as positive voltage values and IPs are negative voltage values.
The onset and offset of every bout of song during directed and undirected conditions was visually identified and all of the EPs and IPs within the bout were automatically identified by a custom written software program (LabView; Austin, TX). Prior to analysis, air sac pressure data were low-pass filtered (400 Hz). This filter removed acoustic oscillations that are transmitted through the body and recorded as pressure oscillations by the transducer. After filtering the pressure signal, each EP and IP within the song bout was segmented from the data stream, and 4 parameters were measured to quantify the pattern of EP pressurization: duration, average voltage, peak voltage, and coefficient of variation of amplitude (CV = standard deviation * 100/mean). After birds reach phonatory pressure levels, each EP has a characteristic pattern of temporal modulation, which corresponds to the unique acoustic properties of the syllable. CV of amplitude was calculated to quantify this temporal variation in the pressure waveform. The first and last 5 ms of the EP were omitted from the calculation because the rising and falling phase of the EP are common across all EPs. CV, rather than standard deviation, was used because the mean amplitude of air sac pressure changed as a function of directed/undirected singing conditions in some birds. For all IPs in the song, 3 parameters were measured: duration, average voltage, and peak voltage (maximally negative voltage value). CV of amplitude was not calculated for IPs because the temporal pattern of pressurization is similar across almost all IPs (Fig. 1B) . All of the repetitions of the EPs and IPs that were recorded in the experiment are displayed in a single plot (hundreds of repetitions of individual EPs and IPs are displayed in Fig. 1b, 3 , & 4). This method for display and analysis was inspired by the procedures used by Tchernichovski et al. (2000) to analyze acoustic data.
Motif duration within bouts of song. A song bout was defined as being preceded by one or more introductory notes, and followed by one or more repetitions of the bird's motif. A new song bout was defined by an interval of at least 2 s between the end of a motif and the onset of introductory notes in the next song bout (Sossinka and Böhner 1980) . If a new song bout was initiated with less than a 2 s interval, these songs were not analyzed to quantify changes in motif duration within song bouts. The duration of each motif during each repetition within the bout was calculated by identifying the motif onset and offset from the pressure trace. The motif onset was identified by the first supra-atmospheric pressurization during the first EP of the motif. The end of the motif was identified as the return to ambient pressure following the last EP of the bird's motif. Three zebra finches had a consistent motif. The motif of the remaining 3 birds was more variable; one bird sang a different first syllable when the first motif of the bout was sung,
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Journal of Neurophysiology the remaining 2 birds, one or two syllables were not always sung at the end of the motif (Fig.   1A ). In these 3 birds, the "canonical" motif was used to measure motif duration. The canonical motif was defined as the EPs and IPs that were always present at each of the motif repetitions within a song bout (Fig. 1A) .
Duration of individual EPs and IPs. During directed song, motif duration varies as a function of motif sequence within the bout, such that motifs sung later in the sequence tend to be longer in duration than earlier motifs (Chi and Margoliash 2001) . To control for changes in duration as a function of motif sequence, the mean duration for each of the EPs and IPs in the first motif in the bout of undirected song was divided by the corresponding mean duration of the EP/IP in the first motif of directed song. This process was repeated for the second and, when possible, for the third motif of the bout. This ratio is referred to as the context-dependent ratio.
A score greater than 1.0 corresponds to a longer duration EP/IP during undirected song; a score less than 1.0 corresponds to a shorter duration EP/IP during undirected song.
How do individual EPs and IPs change in duration during the course of a song bout?
For both directed and undirected song bouts, the average duration of an EP/IP in the second motif was divided by the duration of the same EP/IP in the first motif. This process was repeated for the third motif in the bout. This ratio is referred to as the within bout ratio score.
Scores greater than 1.0 indicate an increase in duration for an EP/IP during the second and third repetitions of the motif in a bout; conversely, scores less than 1.0 indicate a decrease in EP/IP duration.
Statistical Procedures
Heart Rate. To determine if motivational state is related to song tempo change, the mean heart rate during pre-song was correlated with the duration of the first motif in a bout using a Pearson's linear correlation (SPSS Inc., v.11.0, Chicago, IL) . Additionally, the mean heart rate during the first motif was correlated with the duration of the first motif. Motif duration Page 10 of 41
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Journal of Neurophysiology varied substantially among the birds in this study. To allow comparisons between birds, the motif duration and heart rate from both directed and undirected songs for an individual bird were normalized using Z scores ([x i -mean]/standard deviation). The Z score transforms all the values such that the mean = 0, and a score of ±1 corresponds to ±1 standard deviation above or below the mean. All correlation analyses were performed on these transformed scores. The number of introductory notes was counted for each directed and undirected song bout, and the heart rate was calculated during the first motif of directed and undirected song bouts. Between groups t-tests were calculated to determine if the number of introductory notes and average heart rate changed significantly between directed and undirected singing bouts, with U V .05 for all statistical comparisons.
Quantification of all EPs/IPs. For all of the EPs in the data set, the mean for each parameter measured (duration, amplitude, peak amplitude, CV) for each bird was determined.
The means of the 3 parameters measured for IPs were also calculated (duration, amplitude, peak amplitude). A paired t-test was calculated using the mean score from each bird for each parameter to determine if there was a significant change between directed and undirected song types.
Duration of Individual EP/IP. A ratio of the EP and IP duration between undirected and directed song was calculated, or context-dependent ratio (see above). A score of 1.0 indicates no change in duration for the EP/IP between directed and undirected singing conditions. Similarly, a within bout ratio score was calculated. A score of 1.0 indicates that the EP/IP is the same duration in the 2 nd and 3 rd repetition of the motif as it is during the first motif. Values larger than 1.0 indicate an increase in duration during undirected song (context-dependent ratio) or during subsequent repetitions of the motif (within bout ratio). A one-sample t-test with an expected score of 1.0 was calculated to determine if either the context-dependent ratio or the within bout ratio changed significantly.
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Are the context-dependent changes in song tempo related to the within bout changes in song tempo? The context-dependent ratio and the within bout ratio score are not directly comparable, because the context-dependent ratio compares the EPs/IPs of the first motif of directed songs to the same EPs/IPs of the first motif of undirected songs. In contrast, the within bout ratio compares the duration of EPs/IPs in the first motif to the same EP/IPs produced during the second and third motifs of a bout. To account for this difference, an average contextdependent ratio was calculated for each EP/IP in the first and second motifs of directed and undirected song. This average context-dependent ratio was correlated with the within bout ratio score using a linear correlation analysis.
To determine if EPs/IPs within a bout changed duration similarly within directed and undirected song bouts, the within bout ratio for the EPs/IPs in the directed condition was correlated with the within bout ratio from the same EPs/IPs during the undirected condition. A linear correlation analysis was used for these comparisons.
Results
Motivational state is correlated with song duration
Acoustic output, respiratory pressure, and heart rate were recorded simultaneously in 3 birds during directed and undirected song (Fig. 1A) . The number of introductory notes was higher in directed song bouts (t (99) = -9.28, p < .001; Fig. 2A ), and the mean pre-song heart rate was higher during the directed singing condition than it was during the undirected condition (t (99) = -7.72, p < .001; Fig. 2B ). The mean pre-song heart rate in the directed condition was 12.66 beats · s -1 (means for each bird, 13.80; 12.68; 11.58) and in the undirected condition it was 10.23 beats · s -1 (means for each bird, 10.98; 9.55; 10.18). Pre-song heart rate was negatively correlated with the duration of the first motif (r = -0.46, n = 101, p < .001, Fig 2C) . Mean heart
Individual EPs, but not IPs, increase in duration
Consistent with previous work (Chi and Margoliash 2001) , the duration of a bird's motif increased with motif sequence (Fig. 5A ). The increase in motif duration as a function of motif order in the bout was evident for both directed and undirected songs. How does an individual EP/IP change between directed and undirected song? The mean duration of each EP and IP for the first motif of undirected song was divided by the mean duration of the corresponding EP/IP produced during the first motif of directed song. This process was repeated for the 2 nd and 3 rd motif in the sequence of the song bout. The ratio ensured that EPs and IPs were matched for motif sequence in the bout before comparing duration changes between undirected and directed song. An example of the waveforms from an EP of the first motif in the bout of directed and undirected song is displayed in Fig. 5B . The duration of the EP decreased during directed song. An example of IP waveforms that did not change in mean duration between conditions is also displayed (Fig. 5B ).
The mean context-dependent ratio for EPs was 1.036 (t (62) = 10.50, p < .001; Is the tempo change of an EP/IP during directed song related to the tempo change during undirected song? There was a significant relationship between the within bout ratio score for directed and undirected songs (EPs: r = 0.60, n = 26, p = .001; IPs: r = 0.79, n = 20, p respiratory timing. In contrast to the context-dependent change in song tempo, changes in song tempo within a directed song bout similarly changed EP and IP duration. Thus, directed song can be modeled using a simpler mechanism of a single oscillator controlling both expiratory and inspiratory duration.
Motivational state, as measured by heart rate, is inherently linked to movement and respiration. The dance of the zebra finch during directed song bouts likely increases heart rate.
Furthermore, heart rate is influenced by the motor act of dancing. We sought to avoid the confound of both respiratory-and movement-induced increases in heart rate by using a 1 second period prior to singing (pre-song heart rate), during which time period movement patterns should be similar between directed and undirected conditions. Heart rate could be elevated by the anticipation of movement, as it is in humans during motor imagery tasks (Decety et al. 1993; Oishi et al. 2000) . Because anticipation of movement and singing are interwoven with the motivational state of the bird, changes in heart rate resulting from anticipating the upcoming dance are likely to be tightly linked to the motivational state of the bird. 
Function of directed and undirected song
Links between motivation, neuromodulators and song tempo
Motivation levels were higher during directed singing events, and this enhanced RA interneurons may regulate the timing of vocalizations by synchronizing the activity of dorsal and ventral RA projection neurons (Spiro et al. 1999) , and RA interneurons are critical for normal song (Vicario and Raskin, 2000) . Synchrony between dorsal and ventral RA is essential to ensure that the decreased respiratory duration of the EP corresponds with a temporal change in syringeal motor control of air flow and acoustic structure of the syllable.
The hypothesized increase in activity of dorsal RA, which may lead to increased song tempo could also be modulated by acetylcholine input to HVC. Infusion of cholinergic agonists in HVC leads to an overall increase in activity of RA neurons (Shea and Margoliash, 2003) .
Thus, interactions among several neuromodulators in multiple brain areas could modify neural activity patterns controlling song timing.
It has been suggested that RAm may play a critical role in sensorimotor learning because of its bilateral projections, connections with brain areas involved in controlling the Page 20 of 41
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Journal of Neurophysiology motor systems of the upper vocal tract, and its feedback connections to the song system (Wild, 2004) . Our data are consistent with this idea, because they show that the duration of vocal expiratory events can be modified without a corresponding change in inspiratory duration.
Inspirations largely serve the purpose of replenishing the air supply to sustain song, which suggests that the duration of IPs may be controlled by more reflexive motor programs (Fig. 6 ).
We suggest that RAm and PAm are mutually inhibitory, and that this mutual inhibition ensures that inspiratory muscles are activated precisely out of phase with expiratory muscles (Wild et al. 1998 ). Brainstem inspiratory motor neurons could be released from inhibition at the conclusion of the expiratory-mediated vocalization, and then reflexive brainstem inspiratory circuits control the duration of inspiration.
Learning and maintenance of vocal song elements requires coordination of multiple vocal motor systems (Suthers et al. 1999) , combined with monitoring auditory feedback (Brainard and Doupe, 2000) . Thus, temporal modifications to vocal respiratory events may be a result of the need for motor practice to maintain the EP motor program to produce the intended vocalizations. Such precise coordination and feedback may not be necessary to maintain silent inspirations. It is interesting that at the level of an individual inspiration, the average duration is more variable during undirected song, than it is during directed song. This may be a reflection of the more variable motor commands, because the duration of expirations is also more variable during undirected song. Thus, some modulation of inspiratory networks from the song motor program must be occurring. However, the modulation is not sufficient to systematically shift the duration of these inspiratory periods of song production as a function of changing social contexts. Mean values for each measurement were calculated and paired t-tests were used to determine if characteristics of the EPs changed significantly between conditions. All values are displayed in seconds (s) or volts (V). Heart rate is correlated with changes in social context. A) The number of introductory notes in the directed singing condition was twice that of undirected song in this study, and the heart rate of the birds was increased by more than 2 beats · s -1 (B). The heart rate prior to singing was negatively correlated with the duration of the first motif (data presented are standardized scores), and the average heart rate during the first motif was also negatively correlated with duration of the first motif (C,D). These data suggest that the enhanced motivational state that accompanies directed singing is related to the decrease in motif duration. 
